bstract: Gallivm arsenide junction ficld-eficet transistors (GaAs JEEETs) can be made nimune Lo
cartier ficeze-out, making such transistors uscful for the cadout of detectors arrays that operate
at 4 K. Typical applications 1cquite tansistors with vary Jow noise anud exiremely low leakage
conents. By using, a 1ccently developed ctchant for GaAs that is lighly isotiopic, clched GaAs
WETs have fabricated that have a pently tapeied edpe. This reduces edge ficlds and conscequently
reduces the edge tomeling corrent, which is yesponsible for vittually all of the pate leakape
canrent at 4 K. JE s with gate leakage corents below 10" amps have been fabiicated. The
fabrication technigue, including, the isotiopic ctchant are discussed. The leakape current and noise
of these M 7Ts is presented and compared with previous devices using, a conventional ¢tch,

1IN RO 3.0 TON

Future Amcrican and Emopean space missions will cmploy detectors cooled to below 4 K This mcludes
detectors for the very long wavelength infraed (VEWIR, approximately S0 pun to 200 jun wavelength). i
also includes normal and low temperatume superconducting bolometers fot submillimeter wave, infiared,
and X-1ays. For small atrays consisting of less than ten pixels, it had been adeguate 1o cool only the
detector aray to 4 K, and to 1an a wire from cach pixel to & watmer compariment containing, the readgout
dectionics. These wites cany hieat to the cold head, however, and they are susceplible 1o noise pickup,
which makes this approach impractical for fargar atays o for ultia-low noise levels.

Tharefor, several dificrent groups have been exploting 1cadout electronies that can operate at 4 K and
below, and that can be placed on the cold head immediately adjacent to the detector anay|1-5] Clearly
such clectronics must circumvent carnier ficeze-out and be functional at 4 Ko In addition, the clectronics
must be low power, so as not to dissipate excessive heat onto the cold head. Finally, since space-based IR
detectors arc typically high impedance and produce small signals, the 1cadout clectronics must have low
input bias currents and low noise. Vor the Space Infiared Telescope Facility (SIRTE), for example, the
readout clectionics is required to dissipate less than 10 pW per channel, have less than 00 elections pe

172 .

second input currents, and have an input-1efened voltage noise of less than 1 pV/H72 " at iz

We have been exploning GaAs W T-based clectionies for such applications for the past several years[0].
Because of the very small dlectron efiective mass in GaAs, n-type GaAs can be made imnnune o cavnic



“ficeze-out at moderate doping levels that still allow depletion. A p; on n GaAs JEET 1s tmmune 1o ficeze-
out, and functions normally at 4 K. In addition, the large barnier provided by the p-njunction in the JFET
teduces the gate leakape corrent relative 1o metal Schotiky gate FETs (MESFETS).

The principal challenge has been to 1educe the noise and gate leakape current to aceeptable levels
2.THE DEVICE STRUCTURE,

The device structne is shown in Fig, 1. The device consists of an n-type layer on top of an undoped layei
on a semi-insulating, substrate. There is a p-type layer on the n-layer to form the gate. The layer stiucture is
grown by MBE. Then wet chemical ciching is used to eteh back the Tayers. One cteh is vsed to eteh away
the p-pate and expose the n-layer. Another eteh is used to eteh through the n-layer to isolated devices.
Nickel-germanmum: gold (N1-Ge- Au) metalization is deposited on the n-layer and alloyed at 400°C to form
the olinic contacts, and titanivin- platinuin- gold (11-P-Au) non-alloyed metal is vsed to contact the pate. A
Polyaunde diclectie is deposited over the entire siructore, with contact holes opened in it by plasina
ctchimp. A chromimue gold mietal is used to bimg, the source, gate, and drain contacts out to pads for wie
bonding.
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Fig. 1: The structme of the GaAs IFET produced by MBE prowth and ctch-back The undoped bolicr is
approximately 1un thick. The n-type channel s several thousand angstroms thick and doped with silicon to
between 1x10' 10 110" cw™, The p-type pate is 500 A thick and is doped 1o greater than 5500™ e,
Alloyed Ni-Ge-Aw is used to make contact to the n-type regions for the source and drain. Non-alloyed '11-Pi-Au
is used to contact the p' gatc.

3 OLD AND NEW GATE F'TCH PROCEDURES,

Previously devices were made using a sclf-alipned gate eteh and an annnonium hydioxide based ctel. That
is, the ‘Ti-P- Ay was patierned by 1ifi-ofl] duting which the photoresist was 1emoved. The Ti-Pi- Au metal
contact was then used as the mask to pattern the eteh that defined the pate. ‘The ctchant was a mixture of
annnonium hydroxide, hydiogen peroxide and water (11:4:550 by volwne). The same etchant was used to
make the isolation eleh, using, a photoresist mask.

This procedure 1equites ouly one mask level to areate the gate, and it 1esulted in functional devices.
Howeva, thare were several problems with it First, thare is some edge roughuess in the gate metalization
duc to the nature of the Hfi-ofl process. This edge 1oughness is duplicated by the ctch in the self:aligned
process. There is also some undercut, and metal filaments can fall ovar the edpe of the gate, fotming a
Schottky barier between the gate mctalization and the n-type channel. The surface 1oughness tends to
cuhance the field inlocalized spots, Both the ficld enhancement and the parasitic Schottky contacts tend to
increase the leakage current.

Yor this 1cason, we began fabuicating, devices using, a sccond procedure. I this procedure, a photoresist
mask is vsed 1o mask the pate ctch. The gate metalization is still done using, lifi-ofl,_but i a_separate cten




“ratherthan self-aligned as inthe previous procedute. Thie ma sk set is designed so that the gate nacial edge
falls by several microns inside the edgpe of the p-type Ga As formed by the gate ctel,

Additionally, the chemistry of the wet chemical etchant was changed. Mixtuies of hydiogen peroxide and
an acid o1 base all work by using the hydiopen peroxide to oxide the GaAs to form gallium oxide and
arseme oxide. These oxides are then dissolved by the acid o1 base. Fven in dilute mixtures, however, these
ctches are not perfeetly isotropic, and can result in a retrograde eteh wall profile on the 110 faces.

It is believed that the anisotiopy resulls because the ar senic oxides tend to dissolve more readily than the
galliom oxide. Infact, & scnic oxide has some solubility even in pure water. Recause the arsenic oxide is
1er noved prefar entially, the gallivin oxide accumulates until its dissolution becomes arate limiting, step. The
cteh becomesate limited 1 athhicr thary diffusion limited, and conseque ntly the etehr becomes or ientation
dependent.

A new, more isotiopic etchant has recently been developed based on an hydiofluonic acid/ hydiogen
peroxide/ water system|7]. The paroxide oxidizes the GaAs as before, 1t is believed, however, that 11
natwally has more of an afiinity for gallium oxide. In a dilute solution, this comtars the natwal tendency
for the atseme oxide to dissolve faster, making the dissolution 1ates 1oughly equal. This keeps the etch
diftusion limited and consequently isotiopic.,

The concentration of 2:10: 1000 HEEHL0,:115,0 was used for the gate eteh. The etchiate is approximately
200" A/min. A slightly less dilute concentration of 2:10:200 was used for the mesa eteh. The etch rate of
this solution is approximately 2000 A/nin,

4. A COMPARISONOFJIEFITS FABRICATED BY THE O D ANI) NEW PROCEDURES,

The pate leakage cunrent vs. gate voltape of IFETS fabricated using the self-aligned procedure and
NIHLOH-based etchant was mcasmed vsing, the cicuit shown in Fig. 2a. The tesults for a 1ing geomety
JFITT 20 pum wide and 1250 gun in cireomference is shown in Fig, 3. The cutrent rises above 1 pA at a gate
voltage of approximately -6.5 V, and incicases to almost 1 nA at a pate voltage of <10 V. The cunrent
noisc floor of the systemn is approximately 1 pA.
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Fig. 2: The circuits used to measuie leakage conent. Circait 2a uses a HP41458 scimiconductor patamcter
analyzer as an amcter 1o nicasure gate Ieakage vs. voltage down to 1 pA. Chicnit 2b uses the JFET as a
souree-foltower, and integrates the Ieakage conent onto the capacitor C. The tine 1ate of chanpe of Vy is
proporiional to the leakage cursent, The sensitivity is limited by the diift noise to about 107¢ amps.
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Fip. 3: Yhe gate leakage curent as a funtion of voltage for a ring, J FET 1250 panin citcumiterence and
20 pun lon g that was madc using, the old process using, the gate metalization as an cich mask, and vsing,
an ammonium hydroxide-based etchant. The sowree and drain are grounded forthis measurcment,

The cotrent of a rectangular JFET fabnicated using, the sepatate gate etch and netalization and using, the
T based ctchant was also nicasuied using the ciicuit of Fig. 2a, but the resulting current was less than
1 pA out to a gate voltage of -15 V. To measute the gate cutient of this device, it was necessary to use the
circuit shown in Fig. 2b. In this circuit, the JEET under test is connected as a sowrce follower. A reset
voltage is applicd onto the gate of the JFET by turning on Q2, and this voltage is stored on capacitors C1
and C2. At the starl of the integration petiod, Q2 is turned ofl, and the gate leakage corrent of the JFET is
integr ated on the capacitor set. The cha nge in the gate voltage is 1eflected in the change of the source
followar voltage. The gate leakage cu nent can then be caleulated from the rate of change of the source
follower voltage using Fq. 1.
) ) ("7  d Fo.1
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wheie 4, is the gain of the soutce-follower, and (7 is the total capacitance of (' and C2, together with
the capacitance of the gate of the JFIET and including any paiasitic capacitance.

For this measurement, C1 and C2 were both 1 pY. The reset voltage was 1V, and Vi, was set to 3 V. The
load bias cutrent on the source of the JFET was 10 pA.

For an accuate calculation of the leakage current, both Cy and Ay must be measured. The gain Ay was
measured by turning on Q2 and sweeping the Reset voltage from 0 to 2 vV and 1ecording, the output
voltage Vo, With a 10 pA load cutient, the output voltage varied from1.213to 3.100 V as the input was
swept fiom 0 1o 2 V. This implics that the gain of the soutce follower circuitis A= 0.9435.

The capacitauce was measuied by injecting a 1 kHz AC signal only the test point connected to C2. The
circuit then forms a capacitive divider between C2, and the remaining, capacitance Cy, as shownin Fig. 4.
Cy is the sum of C1, the capacitance of the JELT, and any parasitic capacitance.
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Fig. 4: The equivalent capacitive divider circuit that results from injecting, an AC signal on to the test node of
the cireuit of Fig, 2b,
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When a 1V amplitude, 1 k12 sine wave was injected at the test point, the conesponding amplitude of the
output voltage was 0.010 V. Using the gain of 0.944 and the value of C2 ¢ 1 pF, Cx can be calculated 1o
be 22.6 pF. This indicates that there the patasitic capacitance is actually dominant, since the capacitance of
Clis only 1 pk, and the capacitance of the JFLT is calculated to be 0.35 pF.

Yor the leakage test, the injection test point connected to C2 is grounded, so the total capacitance Cy is the
sum of C2 and Cy, o1 Cy = 23.6 pk.

The output voltage vs. time for the JFET is shownin Fig, 5, The output voltage vaties by approximately

41 mV over the 29 minute integration time. Using the calculated gain and capacitance with Iig. 1, the I
calculated leakage current is:
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Fig. 5: The source-followet output voltage V,, ftom the circuit shown in Fig. 2b, as a function of time for
a rectangular JEET fabricated using the new process using a scparate gale metalization and etch and
using, an HE-based etchant. The total capacitance was measured as 23,6 pF.




S5 THETRANSISTORNOISE FORTHE O1,1) ANDNEW PROCEDURES

The input-referi ed voltage. noise for aJilil's fabricated using the old process and two JE1:Ts fabricated
using the new process a1 ¢ compar ed in Fig. 6. The old J¥ET was a ring structure 1250 pim in diameter and
20 pum long. The new JELTs are rectangular structur es, one king 300 pim wide and 100 um long with a
capacitance of 21pl, and the other being 20 punwide and 25 jun long with a capacitance of 0.35pl<. All
of the devices were biased at 1 ptA diain cutient. The drain voltage was 1.0 V for the old JFET and 0.6 V
forthe new JFETS,
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Fig, 6: The input-1 eferred voltage. noise for a ring JFET (1 250 pum circumference by 20 pum long)
fabricated with the old process using, the gate mctalization as amask and an ammonim bydroxidc-based
ctch, and the comparable noise for rectangular JFE1“S (300 pm wide by 100 pun long and 20 jom wide by
25 pum long) fabricated with the new’ process using a scparate gate ctch and metalization and using an
|JI'-based etch. The noise spikes are 60-Hz pickup aund signals injected to calibrate the gain.

6. SUMMARY

A new gate etch process has been developed that substantially improves the pet formance of JIF11'1's
intended for deep cryogenic operation. Wher e before the etch was done using an ammonium hydroxide-
based etchant and using the gate metalization as a mask, the new procudur € separ at es the photolithography
forthe gate etch and the gate metalization into two steps. In addition, amoreisotr epic 1 IF-based etch is
used. The new procedu cr educed the gate leakage by many or ders of magnitude, from leakage on the
orderof pAtoless than afA. The noiseis also reduced significantly.

The noise and leakage performance arc closing in on those r equired fot deep cryogenic space astronomy
missions such as SIRTF. The fabi i cation of more JFIT's using the new procedur ¢, and further
chai acterization of their gate leakage current and noise are under way,
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